Adenoviral RNA sequences synthesized in nuclei isolated during the late phase of productive infection comprise, besides virus-associated, VA, RNA, five major species, ranging in size from approximately 13S to 55S. The latter RNA species is of the length predicted if the major transcriptional unit expressed during the late phase were completely copied in vitro. Some 30% of the RNA sequences labeled in vitro are polyadenylated, and about one-third of the polyadenylated RNA is virus specific. Hybridization analysis of the sequences immediately adjacent to polyadenylic acid in late RNA labeled in isolated nuclei suggests that polyadenylation in vitro occurs at the same sites recognized within the cell. The polyadenylic acid-containing viral RNA sequences made in isolated nuclei are found in three major species of RNA, sedimenting at approximately 28S, 18S, and 13S. These sizes are remarkably similar to those reported for late mRNA species, suggesting that additional processing steps can occur in isolated nuclei. Hybridization of RNA to XhoI fragments of adenovirus type 2 DNA transferred to nitrocellulose filters reveals that sequences complementary to the region from 22.0 to 26.5 units present in 55S RNA are absent from all smaller species, suggesting that the smaller RNA species labeled in isolated nuclei are generated by splicing. The splicing events necessary to generate the 5' leader segment common to the majority of late adenoviral mRNA species are shown to be performed correctly in isolated nuclei.
The expression of adenoviral genetic information during productive infection of human cells is an orderly process, mediated by mechanisms analogous to those operating in normal, uninfected cells (see reference 14 for a review). A great deal is now known about the number, location within the adenoviral genome, and structure of viral mRNA species synthesized during different phases of the productive cycle (3, 4, 8, 9, 20, 25, 26) . In addition, a late transcription unit from which the precursor to most of the late adenoviral mRNA species is synthesized has been well characterized and is illustrated in Fig. 1 (1, 40, 44 ). In many ways, then, adenovirusinfected cells, especially those harvested after initiation of viral DNA synthesis, seem to constitute an ideal source from which to isolate subcellular systems that retain transcriptional activity in vitro. By the late phase, infected cells contain very large amounts of viral DNA, which is transcribed so actively that about half the newly made, non-nucleolar RNA is adenovirus specific (2) . Their main advantage, however, comes from the opportunity, provided by our detailed knowledge of adenoviral gene expression, to assess the fidelity of transcription in vitro.
Nuclei isolated from adenovirus-infected cells have been reported to retain the capacity to synthesize, apparently correctly, the small virusassociated, VA, RNA species (18, 36, 37, 42) , whose genes are transcribed by RNA polymerase form III. RNA sequences corresponding to those present in late mRNA species and their precursor can also be transcribed by form II RNA polymerase in isolated nuclei (18, 40, 41) . Here we describe characterization of adenoviral RNA species that are complementary to the late transcriptional unit made in isolated nuclei and show that they are generated by in vitro polyadenylation and splicing.
MATERIALS AND METHODS Cells and virus. HeLa cells were maintained at densities of 2 x 105 to 5 x 105 cells per ml in suspension cultures in RPMI 1640 medium (GIBCO) supplemented with 5% fetal bovine serum (Flow Labs). Infections with adenovirus type 2 (Ad2) were performed at a multiplicity of 40 PFU/cell, and virus preparations were titrated on HeLa cells as described by Williams (43) .
RNA synthesis in isolated nuclei. Nuclei were prepared from infected cells swollen in hypotonic buffer similar to that described by Vennstrom and Philipson (37) (1, 40) . Poly(A) is added at five sites within this transcript (16, 25, 26) , and the three segments that constitute the 5-terminal segment common to all the major late mRNA species (3, 8, 12, 21) Hybridization conditions. Solution hybridization between RNA, labeled in isolated nuclei, and either Ad2 or restriction endonuclease fragments of 3P-labeled Ad2 DNA prepared as described previously (15) was performed in 0.10 M PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)] buffer (pH 6.4) containing 80% formamide and 0.4 M NaCl (7) at 59.5 to 61°C. In experiments to locate viral RNA species among gradient fractions and in saturation hybridization experiments, the hybridization mixture was diluted 10-fold with cold 2x SSC (SSC is 0.15 M NaCl, 0.015 M sodium citrate) and digested with 10lg of RNase A, 1 U of RNase T,, and 1 U of RNase U2 per ml. Material resistant to RNase digestion was precipitated with 10% trichloroacetic acid and collected on glass-fiber filters, which were dried and counted in Econofluor.
The procedures followed for the Si assay of Berk and Sharp (4) are described in the legend to Fig. 5 .
RESULTS
The population of RNA molecules transcribed in nuclei isolated from HeLa cells 18 to 20 h after Ad2 infection includes sequences complementary to the r strand of the Ad2 genome from 15 to 17 units to a point to the right of 97.3 units (Yang and Flint, manuscript in preparation). These viral RNA sequences correspond to those of the major, late transcriptional unit depicted in Fig. 1 . The rate of incorporation of labeled ribonucleoside monophosphates into RNA declines after about 45 min of incubation (Yang and Flint, in preparation), and we therefore anticipated that the major product of transcription of adenoviral DNA in such isolated nuclei would be the very large RNA molecule whose synthesis is initiated at 16.4 units in the r strand (44) and terminated near the right-hand end (15a), as shown in Fig. 1 . However, when RNA, 3P-labeled in nuclei isolated 20 h after Ad2 infection, was analyzed in sucrose gradients containing 80% formamide, at least six major species of adenoviral RNA were detected (Fig. 2A) (34, 42) . On the other hand, the larger viral RNA species observed must be the products of transcription of Ad2 DNA by form II RNA polymerase, because their synthesis is inhibited by low concentrations of a-amanitin (19, 28) .
The discrete nature of the RNA products and the reproducibility with which we have observed them (in at least 10 from degradation during RNA isolation or random premature chain termination in vitro. Thus it seemed possible that isolated nuclei retain the ability to perform posttranscriptional processing events. We have, therefore, investigated their capacity both to add polyadenylic acid [poly(A)] to late adenoviral RNA sequences transcribed in vitro and to perform the splicing events that generate mature, late adenoviral mRNA species (3, 8, 12, 21) .
Polyadenylation of RNA transcribed in vitro. To investigate whether any of the RNA sequences made in nuclei isolated at late times during Ad2 infection were polyadenylated, RNA 32P-labeled in vitro was subjected to chromatography on oligodeoxythymidylic acid [oligo(dT)] -cellulose. Under conditions in which no nucleolar, but 100% of newly made late, adenoviral mRNA is bound to oligo(dT)-cellulose (2), about 30% of the in vitro-labeled RNA is selected as poly(A) containing (Table 1 ). When such poly(A)-containing RNA is hybridized with saturating amounts of unlabeled Ad2 DNA, some 30% of the RNA enters hybrid (Table 1 ). These estimates of the fraction of the RNA made in vitro that contains poly(A) (2, 29) and the fraction of polyadenylated RNA that is adenovirus specific (2) are close to those obtained with nuclear RNA newly synthesized in the cell. Sedimentation analysis of the viral RNA species present in the separated poly(A)-containing and -lacking fractions reveals that the two populations are quite different ( Fig. 2B and C). It is, for example, clear that 5-6S viral RNA is found exclusively in the fraction lacking poly(A), as would be expected were it VA-RNA. Most of the 55S RNA is also recovered in the fraction lacking poly(A) (see Fig. 20 ), whereas the major poly(A)-containing RNA species sediment as molecules of 28S or smaller (in fact, very similar in size to late mRNA species complementary to the r strand of Ad2 DNA [16, 25, 26] ). This difference between the two populations of in vitro-labeled RNA suggests that polyadenylation of viral RNA made in isolated nuclei does not occur at random sites; the mRNA-like pattern of the polyadenylated, adenoviral RNA species is also consistent with this notion. The spec- b RNA extracted from isolated nuclei was subjected to two cycles of chromatography on oligo(dT)-cellulose as described elsewhere (12) . ' These data are taken from saturation hybridization curves in which the poly(A)-containing labeled RNA was hybridized with increasing amounts of Ad2 DNA under the conditions described in the text.
ificity of polyadenylation in vitro has been investigated in greater detail, taking advantage of the fact that poly(A) is added to late nuclear RNA sequences at only the five sites whose locations are shown in Fig. 1 (16, 25, 26) .
Poly(A)-containing RNA, into which [a-32P]UMP had been incorporated in nuclei isolated 20 h after Ad2 infection, was selected on oligo(dT)-cellulose columns and subjected to mild alkaline hydrolysis (39) to generate RNA chains of 200 to 400 nucleotides in length. A second cycle of chromatography on oligo(dT)-cellulose was performed to reselect short RNA pieces that contain poly(A). This RNA population, which contains only those sequences adjacent to the sites of poly(A) addition, was then hybridized to restriction endonuclease fragments of Ad2 DNA generated by digestion with HindIII and KpnI immobilized on nitrocellulose filters (35) . Figure 3 shows the result obtained with KpnI digests of Ad2 DNA. Unfractionated RNA labeled in vitro hybridizes to all KpnI fragments A to I, except KpnI fragment G, which comprises the region 0 to 6.5 units in Ad2 DNA (see Fig. 3 Fig. 1 . However, as seen from Fig. 3 , hybridization of fragmented and poly(A)-selected RNA to KpnI fragment C is highly efficient as compared to that of the other fragments. This seems to indicate that the nuclear system may favor polyadenylation of the mRNA's that have their 3' ends closest to the promotor.
Splicing of RNA transcribed in vitro. It is clear from the model of synthesis of late adenoviral mRNA depicted in Fig. 1 that, in the absence of additional processing events, the smallest poly(A)-containing RNA generated would extend from 16.4 to near 38 units in the r strand, some 8 kilobases in length. However, as shown in Fig. 2B , the population of polyadenylated viral RNA molecules transcribed in vitro includes species as small as 11-13S. The inference from these observations, that RNA transcribed in vitro is processed by mechanisms additional to polyadenylation in isolated nuclei, has been tested by two complementary approaches.
The first of these relies upon the separation of RNA chains elongated or completely synthesized in vitro from those present in the nuclei at the time of cell harvesting through the incorporation of mercurated analogs of ribonucleoside triphosphates, Hg-UTP or Hg-CTP (10, 11) . Partial substitution of Hg-CTP for CTP up to ratios of 1:3 has only minimal effects on the properties of, requirements for, and optimal transcriptional activity in nuclei isolated at late times during productive infection (Yang and Flint, submitted for publication). As it has been reported that significant aggregation of mercurated and nonmercurated RNA can occur under certain conditions (22), we have tested various procedures by which mercurated RNA molecules can be selected by chromatography on sulfhydryl agarose columns and developed one that permits the complete separation of RNA chains mercurated in vitro from endogenous nucleic acids (Yang and Flint, submitted for publication). This involves the use of high concentrations of dimethyl sulfoxide during chromatography on sulfhydryl agarose (22) .
Once the RNA transcribed in isolated nuclei can be separated from that present in infected cells at the moment of harvesting, it becomes possible to employ the nuclease S1 assay (4) to VOL. 32, 1979 on Fig. 4, track Fig. 1 . However, a whole host of additional products, ranging in size from less than 1 unit to 11.5 units in length, are also seen (Fig. 4, track c) . Similar products have been described by Berget and Sharp (3a) and may be intermediates in the splicing process (3a) or possibly prematurely terminated RNA molecules (13) . Be that as it may, it is clear that the pattern observed with late nuclear RNA is quite distinct from that observed when late cytoplasmic RNA was assayed in similar fashion (Fig. 4, track d) , but is essentially identical to that obtained with mercurated RNA made in nuclei isolated 20 h after Ad2 infection (Fig. 4, track b) . The result shown in Fig. 4, Although these observations can be taken to indicate that nuclei isolated from adenovirusinfected cells can perform splicing reactions in vitro, it remains possible that the splicing in fact occurred in the cell with nascent viral RNA chains as substrates. These spliced molecules would then be isolated after completion of transcription in vitro in the presence of Hg-CTP. Although this scenario seems unlikely (27, 44) , the possibility can be addressed directly by an analysis of the RNA sequences labeled during incubation in vitro. The largest viral RNA molecules made should contain all sequences complementary to the r strand of the Ad2 genome from 16.4 units to the extreme right-hand end; any spliced RNA molecule, however, would lack sequences between about 16.45 and 19.5 units and about 19.6 to 26.8 units (see Fig. 1 ). This prediction was tested by hybridizing RNA species of various sizes, labeled in isolated nuclei and fractionated in gradients like those shown in Fig. 2 , to unlabeled fragments of Ad2 DNA generated by cleavage with XhoI transferred to nitrocellulose filters (35) . The smallest DNA fragment generated by XhoI digestion comprises the region from 22.0 to 26.5 units in Ad2 DNA (M. H. Binger, J. Stiidler, and S. J. Flint, unpublished data) and is therefore a suitable probe with which to assay for splicing at the 5' ends of viral RNA molecules transcribed in vitro. As can be seen in Fig. 5 , only the largest RNA species, about 558, contains sequences that hybridize to the 22.0 to 26.5-unit XhoI fragment of Ad2 DNA; none of the smaller viral RNA species contains detectable sequences complementary to this probe. Because the label was incorporated during transcription in vitro, this result confirms that the late RNA sequences made can also be spliced in isolated nuclei. Moreover, the identity between the splicing patterns observed with late adenoviral RNA made in the intact cell and in isolated nuclei (Fig. 4) indicates that the in vitro splicing reaction is a faithful rendition of the events that occur in the intact cell. DISCUSSION It has been known for some time that form II RNA polymerase will transcribe adenoviral DNA in nuclei isolated from productively infected human cells (30, 38) , with from 18 to 30% of the in vitro RNA product being virus specific (30, 37, 38, 41) . Such adenoviral RNA sequences have also been described to be heterogeneous in size (30, 37) and to be transcribed from the major, r-strand transcriptional unit shown in Fig. 1 with characteristics similar to those observed for RNA pulse-labeled in the cell (37, 40, 41) . The results presented in Table 1 (7) at 59.5°C. After hybridization for 12 h, samples were diluted 10-fold with 0.03 aration) are in agreement with these earlier reports. However, by contrast to some other workers (37, 40) , we have analyzed the adenoviral RNA species labeled during relatively long periods of incubation in vitro and, as shown in Fig.  2A , find a discrete set of adenoviral RNA species, an observation that led us to question whether RNA sequences made in vitro were subject to processing.
The data presented in Table 1 show that about 30% of the RNA 32P-labeled in vitro is recovered by chromatography on oligo(dT)-cellulose columns under the conditions described. (27) , that is, that nascent RNA chains are the substrates for polyadenylation, it is not too surprising that this activity is retained in isolated nuclei. What is more striking is the correspondence between the sizes of the polyadenylated in vitro RNA products shown in Fig,' 2B and those reported for late mRNA species (see Fig. 1 ). This size distribution and the absence from the poly(A)-containing fraction of s; o molecules of the sizes predicted for intermediates in which polyadenylation but no 5' end processing or splicing had occurred (Fig. 2B) suggested that splicing might indeed occur in isolated nuclei. A recent observation made by Zimmer et al. (45) , that discrete sizes of RNA can be synthesized in isolated nuclei, supports this notion.
M sodium acetate (pH 4.3) containing 1 mM ZnSO4 and 5% glycerol and digested with 2 to 10 U of nuclease Si (Sigma). After ethanol precipitation, the samples were analyzed in 1.4% agarose gels cast in 0.03 M Nat5l-1 mM EDTA which were electrophoresed in 0.03 M NaOH-1 mM EDTA. After electrophoresis, gels were dried and autoradiographed as described in the legend to Fig. 3 Fig. 2 . Samples of each fraction were then hybridized to Ad2 DNA as described in the same legend to locate the major species of viral RNA. Appropriate gradient fractions, corresponding to the RNA species whose approximate S values are indicated in the figure, were pooled, and the RNA was hybridized to strips of nitrocellulose to which 1 pg of Ad2 DNA digested with XhoI had been transferred (35) . Hybridizations were performed in sealed freezer bags (Sears, Roebuck and Co.) at 68°C under the conditions described by Botchan et al (6) . Washing, processing ofthe nitrocellulose filters, and autoradiography were perforned as described in the legend to Fig.  3 . At the left of the figure is shown a photograph of the 1.0% agarose gel in which the XhoI fragments were resolved, stained with ethidium bromide (33) .
To investigate possible splicing steps in isolated nuclei and their fidelity, we have taken advantage of the separation of RNA made in vitro from that present in nuclei at their time of isolation through the incorporation of mercurated ribonucleoside triphosphates (10, 11 32, 1979 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from tion). We have also noted that the presence of mercurated bases in an RNA chain, even at the relatively low ratios used here, has a strongly denaturing effect. To avoid this complication, we have chosen to demercurate the selected RNA by exposure to fl-mercaptoethanol under conditions that do not lead to RNA chain breakage (Yang and Flint, submitted for publication). Despite the rather tedious nature of this RNA preparation, it does have the overwhelming advantage of permitting a relatively fine assessment of the in vitro RNA products.
The Si analysis of selected in vitro RNA shown in Fig. 4 and the hybridization analysis of labeled RNA species of different size presented in Fig. 5 indicate that splicing can indeed occur in isolated nuclei. It also seems clear that splicing of sequences from near 16.4, 19.6, and 26.8 units to form the 5' leader segment common to the major late mRNA species complementary to the r strand is accurate under these conditions (see Fig. 4 ). As might be inferred from the sizes of the poly(A)-containing viral RNA species made in isolated nuclei, leader-to-body joining also takes place in vitro (Yang and Flint, in preparation). Recently, Blanchard et al. (5) have described processing of an early adenoviral RNA labeled in vivo when isolated nuclei are incubated in the presence of cytoplasmic extracts. In these experiments, however, we have examined RNA that is not only processed, but also transcribed in vitro. Moreover, the in vitro splicing described here is independent of the addition of cytoplasmic extracts. This difference cannot be rationalized in any simple way at the present time; the method of isolation of nuclei used here is, for example, very similar to that employed by Blanchard et al. (5) . On the other hand, it should be pointed out that our understanding of the requirements of splicing enzymes present in eucaryotic cells is poor. In this context, it may be significant that nuclei subjected to sedimentation through sucrose apparently retain relatively little splicing activity (23) ; similarly, nuclei isolated by nonaqueous methods are unable to process rRNA and tRNA precursors (17 
